Objective: To examine fibroblast growth factor 23 (FGF23) as a risk factor for incident stroke in a racially/ethnically diverse population-based urban cohort.
Identification of novel stroke risk factors is of great public health importance. Fibroblast growth factor 23 (FGF23) is a hormone secreted by osteocytes that regulates phosphate homeostasis through effects on the proximal renal tubule by inducing phosphaturia and inhibiting calcitriol production. Elevated FGF23 levels are the earliest marker of disordered mineral metabolism in chronic kidney disease (CKD), beginning as early as stage 2 (estimated glomerular filtration rate [eGFR] 60-89 mL/min/1.73 m 2 ), and are strongly associated with mortality across the spectrum of CKD severity and in the general population without CKD. 1-3 Elevated FGF23 is linked with altered cardiac structure and function and atherosclerosis, although the mechanisms are poorly understood. [4] [5] [6] [7] Elevated FGF23 has been linked with a greater risk of cardiovascular mortality and combined vascular outcomes that included stroke, but few studies have examined stroke separately. 8, 9 In people with established heart disease, those with elevated FGF23 had an increased risk of stroke, but data from population-based studies that include people without established heart disease or CKD are limited and conflicted. 10 In one community-based study, participants with elevated FGF23 had greater stroke risk, but only in those with CKD. 3 Also, data are lacking on FGF23 as a risk factor for stroke among Hispanic/Latino people who are at greater risk of stroke than white people. 11 We report on plasma FGF23 in the racially/ ethnically diverse Northern Manhattan Study (NOMAS) to test our hypothesis that elevated FGF23 is an independent risk factor for incident stroke in this urban, community-based population.
METHODS Study population. The NOMAS was designed to determine stroke incidence, risk factors, and prognosis in a racially/ethnically diverse urban population. Study details have been published previously. 12 Briefly, eligible participants were (1) stroke-free, (2) older than 40 years, and (3) residents of Northern Manhattan for at least 3 months in a household with a telephone. Audits and Surveys, Inc., performed random digit dialing using dual-frame sampling (telephone response rate was 91%) and participants were invited to enroll with an in-person interview and neurologic assessment (enrollment response rate was 75%). The overall participation rate was 69%, and a total of 3,298 subjects were enrolled between 1993 and 2001.
Standard protocol approvals, registrations, and patient consents. All participants signed written informed consent and the institutional review boards of Columbia University Medical Center and the University of Miami approved the study.
Baseline evaluation. Trained research assistants collected data through interviews in English or Spanish, depending on the language spoken at home. Study physicians performed physical examinations. Race and ethnicity were determined based on selfidentification using questionnaires modeled after the US census. 13 Standardized questions regarding hypertension, diabetes mellitus, smoking, and cardiac conditions were adapted from the Behavioral Risk Factor Surveillance System by the Centers for Disease Control. 14 Measurement of blood pressure and fasting blood specimens for glucose and lipids have been described. 15 Processing of blood samples and assays. Baseline fasting blood specimens were spun immediately at 24°C and stored at 270°C until processing. Plasma C-terminal FGF23 concentrations were measured in duplicate using second-generation ELISA (Immutopics International, San Clemente, CA). The intra-assay coefficient of variation (CV) was 3.6; the interassay CVs evaluated with quality-control samples from 26 independent assay runs were 2.7% at a concentration of 31 relative units (RU)/mL and 4.4% at a level 272 RU/mL. Serum phosphate, intact (1-84) parathyroid hormone (PTH), and cystatin C were measured in duplicate on a Roche Cobas 6000 analyzer, using the manufacturer's reagents (Roche Diagnostics, Indianapolis, IN). Serum phosphate was measured spectrophotometrically with intraand interassay CVs of less than 3% (reference range 2.5-4.5 mg/dL). PTH was measured by electrochemiluminescence immunoassay with an intra-assay CV of 2.8%, and an interassay CV of 6.1% (reference range 15-65 pg/mL). Serum creatinine was measured using the kinetic alkaline picrate assay (Jaffé reaction). Cystatin C was measured using particle-enhanced immunoturbidimetric assay with aggregates determined spectrophotometrically at 546 nm, with an intra-assay CV of 2.8% and an interassay CV of 4.1% (reference range 0.5-1.3 mg/L).
Outcomes. The primary outcome was adjudicated incident stroke. Follow-up procedures and outcome classifications have been published. 15 Briefly, participants and/or family members are interviewed annually by telephone to determine changes in vital status, detect neurologic events, and document interval hospitalizations. The outcome surveillance network includes daily screening of admissions, review of neurology consult lists with covering house staff, hospital admission and discharge data (including screening of ICD-9 codes), emergency room visits, and visits to the ambulatory care network. The average annual contact rate has been 99%, with only 1% lost to follow-up. A specially trained research assistant reviews all stroke events, and medical records of all hospitalizations are reviewed to verify details of suspected events. Persons who screen positive undergo in-person assessment, chart review, and examination by a study neurologist. Stroke events were classified as the first occurrence of ischemic stroke, intracerebral hemorrhage (ICH), subarachnoid hemorrhage (SAH), and unknown stroke type. Two NOMAS vascular neurologists adjudicated each stroke case independently, and a third resolved disagreements.
Statistical analysis. The current study was limited to participants with available baseline FGF23 and creatinine measurements (n 5 2,525; figure e-1 on the Neurology ® Web site at Neurology.org). All covariates were also measured at baseline. For our primary analysis, eGFR was defined using the Modification of Diet in Renal Disease formula as: GFR 5 186. 3 3 (serum Cr) 2 1.154 3 age 2 0.203 3 (0.742 if female) 3 (1.21 if black). 16 We confirmed our findings using several alternative eGFR formulas, including the Chronic Kidney Disease Epidemiology equation, those based on cystatin C, and the combination of the 2. 17, 18 Values for FGF23 and PTH were natural log-transformed to achieve normal distributions.
We used Cox proportional hazards models to estimate the risk conferred by plasma FGF23 levels on incident stroke, overall and by ischemic and hemorrhagic stroke subtypes. We used penalized spline analysis to determine whether the association between FGF23 and incident stroke was nonlinear. We then examined natural log-transformed FGF23 as a continuous variable, and created a binary variable based on a cut-point defined by the penalized spline analysis. Person-time of follow-up accrued from baseline to the last follow-up, the time of incident stroke, death, or loss to follow-up, whichever came first. We constructed 3 sequential models. Model 1 was adjusted for age, sex, race, ethnicity, and eGFR. Model 2 was adjusted further for smoking, reported alcohol use, body mass index, a history of cardiac disease, fasting cholesterol, cholesterollowering medication use, fasting glucose, glycemic medication use, systolic and diastolic blood pressures, and antihypertensive use. Model 3 was adjusted further for serum phosphate and PTH. We ran our models in those without evidence of CKD (eGFR 60 mL/min/1.73 m 2 ) and did sensitivity analyses to (1) exclude those with possible primary hyperparathyroidism, and (2) confirm our findings using the alternative methods to estimate GFR. All tests were 2-tailed, and a p value ,0.05 was considered significant. Spline analysis was conducted using smoothHR (R Project, www.r-project.org) and other analyses were conducted using SAS version 9.3 (SAS Institute, Cary, NC). RESULTS There were 2,525 NOMAS participants with FGF23 and creatinine measurements. There were minor differences among participants in the study sample and those not included (table e-1). Sample characteristics are presented in table 1, overall and based on a spline-derived FGF23 cutoff of 90 RU/mL (described below). Demographics were similar to the complete NOMAS cohort, with a mean age of almost 70 years and more women and people of Hispanic/Latino origin. The median FGF23 was 57 RU/mL (interquartile range 5 44-81 RU/mL). The correlations of logtransformed FGF23 with phosphate, calcium, PTH, and eGFR were weak (table e-2).
Over a mean follow-up of 12 (65) years, 258 participants had incident strokes. Elevated FGF23, expressed as a continuous variable, was associated with a greater risk of incident stroke after adjustment for sociodemographic factors, eGFR, and modifiable vascular risk factors (table 2) . After adjusting further for PTH and phosphate, the risk was slightly attenuated but remained significantly increased.
Penalized spline analysis adjusted for age showed that log-transformed FGF23 increased incident stroke risk significantly in a linear manner (figure 1). The penalized spline analysis revealed that participants with FGF23 levels more than approximately 90 RU/mL, corresponding to the 80th percentile, had elevated stroke risk. We therefore created a binary variable using a 90 RU/mL cutoff. A Kaplan-Meier analysis is shown in figure 2A . In a multivariable model adjusting for demographic factors and eGFR, participants with FGF23 values of $90 RU/mL had a 60% greater risk of stroke than those with values ,90 RU/mL, and the risk was attenuated only slightly after adjusting further for vascular risk factors and for phosphate and PTH (table 2) . The effect of FGF23 on stroke risk did not differ by race/ethnicity.
Of 258 strokes, 212 were ischemic, 26 were ICHs, 5 were SAHs, and 15 were of unknown type (table e-2). Kaplan-Meier curves for FGF23 and both ischemic stroke and ICH are shown in figure 2 , B and C. We found that participants with FGF23 $90 RU/mL had marginally more incident ischemic strokes than those with FGF23 ,90 RU/mL after adjusting for sociodemographic factors and eGFR, but this was no longer significant after further adjusting for vascular risk factors, or phosphate and PTH (table 2) . However, we found a doubling in the risk of ICH per each unit increase in natural log-transformed FGF23 after adjusting for sociodemographic factors and eGFR that remained significant after further adjusting for vascular risk factors, phosphate, and PTH. Participants with an FGF23 of $90 vs ,90 RU/mL also had a significantly greater risk of ICH adjusting for sociodemographic, eGFR, and vascular risk factors, but this was no longer significant after adjusting for phosphate and PTH (table 2). In a post hoc analysis, we examined FGF23 as a predictor of incident lacunar stroke, but elevated FGF23 did not confer increased risk of lacunar stroke.
Testing for effect modifiers of the risk of stroke conferred by elevated FGF23, we found a marginal interaction for blood pressure such that the effect of FGF23 on ICH risk was stronger among those with higher diastolic blood pressures (p for interaction 5 0.06). We found no interaction between FGF23 and race/ethnicity or other risk factors. Only 5 incident SAH events occurred in our cohort during follow-up, and SAH was not significantly more common in those with elevated FGF23. In a prespecified analysis to examine the effect of FGF23 on incident stroke in participants without evidence of CKD, we examined people with an eGFR of $60 mL/min/1.73 m 2 (n 5 2,112). Each unit increase in natural log-transformed FGF23 conferred a greater risk of overall stroke (hazard ratio [HR] for incident stroke 5 1.4, 95% confidence interval [CI] 5 1.1-1.7, p 5 0.008) and ICH (HR for incident ICH 5 2.2, 95% CI 5 1.2-4.1, p 5 0.009), but not ischemic stroke (HR for incident ischemic stroke 5 1.2, 95% CI 5 0.9-1.5, p 5 0.227), even after adjusting for eGFR continuously, and sociodemographic and vascular risk factors.
We did several sensitivity analyses to confirm the robustness of our findings. To determine whether primary hyperparathyroidism might partly explain the increased risk of stroke conferred by elevated FGF23, we excluded those with both abnormally high PTH (.65 pg/mL) and serum calcium levels (.10.3 mg/ dL; n 5 9 for total stroke, n 5 6 for ICH). Those with greater FGF23 still had significantly more strokes overall (HR per unit increase in natural log-transformed FGF23 5 1.4, 95% CI 5 1.1-1.6) and more ICHs (HR per unit increase in natural log-transformed FGF23 5 2.2, 95% CI 5 1. 5-3.4 ). When we estimated GFR using alternative formulas based on creatinine, cystatin C, or the combination of the 2 markers, the findings regarding log-transformed FGF23 and both overall stroke and ICH risk were similar (data not shown). DISCUSSION In this population-based urban sample, we found that participants with higher FGF23 levels had a greater risk of incident stroke, in particular ICH. We also found that elevated FGF23 conferred greater stroke risk among those without evidence of CKD.
In a clinic-based sample, those with elevated FGF23 had greater risk of stroke or TIA, but all participants had stable cardiovascular disease. 10 The populationbased Cardiovascular Health Study found that participants with elevated FGF23 had greater stroke risk, but the effect was limited to those with an eGFR ,60 mL/ min/1.73 m 2 or a urine albumin to creatinine ratio .30 mg/g, suggestive of CKD. 3 Given that there were fewer people with a low eGFR who had incident strokes in NOMAS, we may have lacked power to detect a statistically significant effect in this group.
Our finding that participants with greater FGF23 levels had more incident strokes driven primarily by ICH risk was unexpected. The mechanisms underlying the risk conferred by FGF23 of vascular outcomes are not completely understood. Adjusting for traditional modifiable risk factors, including blood pressure, attenuated the risk of incident stroke conferred by greater FGF23 only slightly, suggesting some independence from these potential mediators. However, hypertension is a potent modifiable risk factor for ICH, and the synergy between diastolic blood pressure and FGF23 levels may partially explain the increased risk of ICH. While hypertensive ICH and lacunar stroke both result from microvascular damage, FGF23 did not increase the risk of lacunar stroke. Baseline blood pressures were higher among those who developed ICH than those who developed lacunar strokes (data not shown), perhaps partly explaining these findings. Direct hormonal effects on the vascular system provide plausible mechanisms by which FGF23 may increase stroke risk. In advanced CKD, elevated FGF23 may lead to impaired flow-mediated dilatation of vessels, a marker of endothelial dysfunction related to atherosclerosis, and improvements in flowmediated dilatation after transplant have correlated with decreasing FGF23 levels. 19 Elevations of FGF23 have been linked with systemic atherosclerosis, and aortic, coronary, and carotid artery calcification across a range of CKD stages, and with aortic calcification in normal men, but these findings require further confirmation. [20] [21] [22] Recent population-based data in humans have also shown that people with elevated FGF23 have a greater prevalence and incidence of left ventricular hypertrophy (LVH), and a study in rodents suggested a causal role: FGF23 caused hypertrophy of cultured myocytes and rat left ventricle, independent of blood pressure, and molecules that block FGF receptors prevented LVH. 7, 22 LVH, increased arterial stiffness, and atherosclerosis are interrelated and could partially explain the effect of FGF23 on stroke risk. If FGF23 contributes to vessel fragility, this might help explain the increased risk of ICH found here.
The role of altered phosphorus metabolism in vascular damage and resulting outcomes, especially in people without CKD, is unclear. In this population-based sample, the effect of FGF23 on overall stroke and ICH risk was seen in those with good kidney function, and serum phosphate levels were mostly in the normal range. This is not surprising: even in CKD, elevated FGF23 precedes hyperphosphatemia, and in advanced CKD, those with elevated FGF23 have greater mortality even with normal serum phosphate levels. 1 Why FGF23 is elevated in some with normal kidney function remains unclear, but may be a consequence of unknown genetic factors and increased dietary phosphorus intake. Inorganic phosphate is a major constituent of prepared foods (although reporting on food labels is not required) and has high bioavailability, providing a possible explanation for the finding of higher FGF23 levels in those with low income and education. 2 PTH itself has cardiovascular consequences, and those with higher PTH levels have been found to have LVH, although studies have generally not adjusted for FGF23. 23, 24 Greater FGF23 levels increased overall stroke and ICH risk after adjusting for phosphate and PTH levels, making it unlikely that these other mineral metabolites mediate our findings. However, we found that PTH levels were greater in those with FGF23 levels $90 RU/mL (table 1) . Primary hyperparathyroidism is unlikely to explain the finding, because it has a relatively low prevalence in normal populations, and excluding people with both high PTH and calcium levels did not alter our findings. 25 Several limitations are noteworthy. Similar to other studies that examined FGF23 as a predictor of vascular outcomes, because only one baseline measurement of FGF23 was available, we could not account for changes in FGF23 over time. However, we have reported little within-individual variability over time, 26 and greater variability would tend to bias our results toward the null. We lacked data on dietary phosphorus intake or urinary phosphate excretion as a surrogate of net phosphate exposure. Also, we were unable to process FGF23 in 735 NOMAS participants without plasma available, but those included were slightly healthier than the overall sample and this would tend to prejudice against our finding that elevated FGF23 confers an increased risk of stroke. People with low 25-hydroxyvitamin D, which can lead to secondary hyperparathyroidism, have been found to have an increased risk of stroke in a metaanalysis, but these studies did not adjust for FGF23. 27 Low 1,25-hydroxyvitamin D in response to elevated FGF23 could be a mediator, a finding supported by animal models of early CKD, but vitamin D levels were not available for this study. 28 The strengths of our study include its population-based prospective design, the racially/ethnically diverse urban population, and the lengthy observation with few people lost to follow-up. Our carefully adjudicated stroke outcomes, comprehensive collection of vascular and other behavioral/lifestyle risk factors, and the ability to adjust for important components of mineral metabolism are strengths. Nonetheless, residual confounding is a potential limitation of observational studies such as this one.
Our study provides evidence that relative elevations of FGF23 confer increased risk of stroke, in particular ICH, independent of CKD. Our racially/ethnically diverse community-based sample provides data applicable to a US urban population with a large proportion of Hispanic/Latino individuals. Data from other cohorts are needed to determine whether these findings generalize to other groups. The mechanisms underlying our findings and the roles of components of the mineral metabolism pathway require further study, but if a direct effect is established between FGF23 and stroke risk, it could have treatment implications for dietary and pharmacologic interventions to lower FGF23.
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